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Abstract 8 
Titanium alloy has gained acceptance in the aerospace, marine, chemical and other related 9 
industries due to its excellent combination of mechanical and corrosion properties. In order to 10 
augment its properties, a hard ceramic, boron carbide has been laser cladded with it at varying 11 
laser powers between 0.8 kW and 2.4 kW. This paper presents the effect of laser power on the 12 
laser deposited Ti6Al4V-B4C composites through the evolving microstructures and 13 
microhardness. The microstructures of the composites exhibit the formation of α-Ti phase and β-14 
Ti phase and were elongated towards the heat affected zone. These phases were terminated at the 15 
fusion zone and globular microstructures were found growing epitaxially just immediately after 16 
the fusion zone. Good bondings were formed in all the deposited composites. Sample A1 deposited 17 
at a laser power of 0.8 kW and scanning speed of 1 m/min exhibits the highest hardness of HV 18 
432±27 while sample A4 deposited at a laser power of 2.0 kW and scanning speed of 1 m/min 19 
displays the lowest hardness of HV 360±18. From the hardness results obtained, ceramic B4C has 20 
improved the mechanical properties of the primary alloy. 21 
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 23 
1.0 INTRODUCTION 24 
In the history of manufacturing, various techniques have been developed to fabricate complex and 25 
refined products. Some of these techniques adopted are grouped under the machining equipment 26 
such as milling, drilling, turning, shaping machines and so on. Material removal is always certain 27 
from the stated techniques before the final product could be fabricated. In order to limit the material 28 
wastage to the minimum, the introduction of additive manufacturing came into play with the aim 29 
of manufacturing product with complex geometry [1]. It is regarded as a prototyping technology 30 
and one the most revolutionary inventions in the industrial age. The capability of this technology 31 
to producing completely well-designed parts with a wide range of materials is highly commendable 32 
[2]. According to research, titanium alloys have contributed a huge role in the aerospace industries; 33 
however the use of boron carbide (B4C) and titanium alloy is limited [3]. The high hardness and 34 
low density of boron carbide have made it a good property accompaniment in titanium alloy for 35 
aerospace, nuclear, electronics application [4], and some cutting tools and die [5]. The influence 36 
of TiB2 on the microstructural behaviour and the microhardness of TiB2-B4C composite was 37 
investigated and analysed. The samples were consolidated with 5, 15, and 25 wt % of B4C using 38 
plasma pressure compaction techniques. The sample with 25 wt % of B4C was reported to exhibit 39 
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larger grain and particle size due to the prolonged exposure time of 30 min, as well as hardness 40 
value of 39.55 GPa. A lower exposure time was also revealed to minimize the formation of 41 
intermediate phases [6]. Different authors have also investigated and reported the densification, 42 
the microstructure and the mechanical properties of TiB2-B4C based composite. Grain growth was 43 
introverted by the addition of the B4C particles and thus, has caused an improvement in the 44 
mechanical properties of the composite [7]. The effect of different proportions of boron (0.01, 45 
0.02, 0.04, 0.06, 0.1, 0.2, 0.4 and 0.6 wt % respectively) in TiC/Ti6Al4V composites on 46 
microstructure and mechanical properties was studied. A refined dendritic TiC was reported to be 47 
formed with the boron content less than 0.06 wt %. The length of primary dendrite of TiC was also 48 
revealed to be decreasing with the increase in boron content. The abrasive property, the 49 
compressive strength and the hardness of the samples are improved [8]. A study on the 50 
microstructure and the mechanical properties of cast pure titanium (Ti) and Ti-0.5Si with boron 51 
was reviewed for dental application. It was revealed that small quantities of boron brought about 52 
significant refinement in the as-cast samples and improved the mechanical properties with the 53 
formation of TiB particles in the Ti matrix. It was concluded that a greater and a better tensile and 54 
strength properties can be achieved with the addition of very low boron [9]. Ti / (TiB + TiC) 55 
powders were agglomerated with B4C powder and solidified using spark plasma sintering. It was 56 
reported that the density of the sintered composite was found to decrease with an increase in the 57 
reinforcement percentage due to incoherence in the matrix and the densification rate was also 58 
hastened as a result of the propagation of the grain boundary dispersion [10]. With all the series of 59 
researches that have been conducted, there are still many rarities in the laser deposition of Ti6Al4V 60 
alloy and B4C composite. However, the motivation for this paper is to study the influence of laser 61 
power on the laser deposited Ti6Al4V + B4C composites through the microstructure and 62 
microhardness for aerospace application. 80 wt % of Ti6Al4V alloy and 20 wt % of B4C have been 63 
considered for this experiment in order to investigate the consolidity behaviour and thermal 64 
stability of B4C in the alloy with the disparities in the laser powers employed. 65 
 66 
2.0 EXPERIMENTAL PROCEDURE AND MATERIAL SELECTION  67 
A 99.6 % solid Ti6Al4V alloy plate is used as the substrate and with dimension 72 X 72 X 5 mm3. 68 
Prior to deposition, the substrate was sand blasted to remove the dirt and grease in order to aid 69 
laser absorption and cleaned with acetone and then dried off. The particle size of the Ti6Al4V 70 
alloy powder used in the study ranges between 150 to 200 µm while the counterpart powder, B4C 71 
has a particle size of approximately 45 µm. The laser deposition process was conducted on a 72 
Ytterbium Laser System at the National Laser Centre, Council for Scientific and Industrial 73 
Research (NLC- CSIR). The 3.0 kW systems are linked to a Kuka robot with a three way nozzle 74 
at its end. It is incorporated with dual-core fiber optic cables of 400 microns to allow the laser 75 
beam to be delivered on the substrate via the robot-delivery device. The laser system produces a 76 
wavelength, which radiates at 1.06 μm	with a better efficiency output. The device carries laser 77 
light and the powders through the coaxial nozzles and ejects them on the substrate. Both the laser 78 
beam and the depositing powders from two different hoppers pass through the nozzle outlet on to 79 
the substrate. The spot size of 2 mm is set for the deposition and an argon gas is used to shield the 80 
process in order to prevent oxidation. Table 1 shows the experimental matrix for the deposition. 81 
The participating samples are designated from A1 to A6. 82 
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Table 1: Experimental Matrix 83 
Sample 
Number  
Laser 
Power 
(kW) 
Scanning 
Speed 
(m/min) 
Powder Flow Rate  
(rpm) 
Gas Flow 
Rate  
(l/min) Ti6Al4V B4C 
A1 0.8 1 3.2 0.8 2 
A2 1.6 1 3.2 0.8 2 
A3 1.8 1 3.2 0.8 2 
A4 2.0 1 3.2 0.8 2 
A5 2.2 1 3.2 0.8 2 
A6 2.4 1 3.2 0.8 2 
 84 
The laser power used for this experiment is varied between 0.8 kW and 2.4 kW while the scanning 85 
speed of 1 m/min, powder flow rate of 3.2 rpm for Ti6Al4V, 0.8 rpm for B4C and gas flow rate of 86 
2 l/min are kept constant. Multiple tracks of deposition with 60 mm in length were made into the 87 
substrate. 88 
The samples are sectioned, mounted, ground and polished according to E3-11 ASTM standard 89 
[11]. The Kroll’s reagent was prepared for the chemical etchant with (96 ml H2O, 2 ml HF and 6 90 
ml HNO3) according to the guidelines in the Struers application note of metallurgical preparation 91 
of titanium [12]. Before the optical microscopy (OM) with BX51M Olympus microscope and SEM 92 
capturing, each sample was etched for 30 seconds, sprayed with acetone and bathed under clean 93 
water; then dried off using a hand dryer.  94 
The hardness test is conducted laterally on each sample on a Vickers Hardness Tester. The Vickers 95 
indenter is forced into the samples under the controlled load. The size of the indent is measured 96 
diagonally [13]. A force of 500 gf with a dwell time of 15 seconds is used throughout the 97 
experiment according to the E384 -11e1 ASTM standard [14], and a distance of 150 µm is 98 
maintained between each indentation; and however, a total of 17 indentations were made on each 99 
sample. The hardness values are obtained using the equation 1; coupled with the force and the 100 
measured diagonals.  101 
ܪܸ ൌ 2 ൈ ܨ ൈ sinሺ
136
2 ሻ
݀ଶ ൎ 1.854 ൈ
ܨ
݀ଶ 		…………………………………… . ሺ1ሻ 102 
Where: 103 
F = Force in gf 104 
d = Mean Diameter in mm 105 
The mean diameter is the average value calculated using the two measured diagonal diameters d1 106 
and d2.  107 
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 108 
3.0 RESULTS AND DISCUSSION 109 
The microstructural behaviour and the hardness of the laser deposited Ti6Al4V-B4C composites 110 
are presented in details in this section.  111 
The deposits, the fusion zones and the heat affected zones (HAZ) of laser deposited samples were 112 
observed on the optical microscope at low and high magnifications. Figures 1 to 6 show the 113 
micrographs of the laser deposited Ti6Al4V-B4C composites of samples A1 to A6 deposited at 114 
laser powers between 0.8 kW and 2.4 kW respectively.  115 
 116 
 117 
Figure 1: Micrograph of sample A1 deposited at a laser power of 0.8 kW and scanning speed of 118 
1 m/min.  119 
 120 
 121 
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 122 
Figure 2: Micrograph of sample A2 deposited at a laser power of 1.6 kW and scanning speed of 123 
1 m/min.  124 
 125 
 126 
Figure 3: Micrograph of sample A3 deposited at a laser power of 1.8 kW and scanning speed of 127 
1 m/min.  128 
 129 
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 130 
Figure 4: Micrograph of sample A4 deposited at a laser power of 2.0 kW and scanning speed of 131 
1 m/min.  132 
 133 
 134 
Figure 5: Micrograph of sample A5 deposited at a laser power of 2.2 kW and scanning speed of 135 
1 m/min.  136 
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 137 
 138 
Figure 6: Micrograph of sample A6 deposited at a laser power of 2.4 kW and scanning speed of 139 
1 m/min.  140 
 141 
The deposition width and height increase from sample A1 to A6 as the laser powers were 142 
increased. The time of interaction during deposition process results to the degree of bulk or volume 143 
of deposit formed on the substrate. The melt pool created in the substrate has also contributed to 144 
the fusion of the powders. More melt pool is created at high laser power that allows a large volume 145 
of deposition and vice versa. 146 
The micrographs depict the multi tracks of Ti6Al4V-B4C composites, fusion zones and the HAZ(s) 147 
with 50 % overlap. The height of the deposit through the overlap is slightly increasing as the laser 148 
power was increased. From the overlaps, most of the multiple track depositions were in the form 149 
of a Bell's hinge-back tortoise. The signs of the overlap in the multiple track deposit were also 150 
obvious in the HAZ. The areas covered by the HAZ are more than the deposited zone due to the 151 
heat input and this however increase as a result of the beam’s intensity as the laser power was 152 
increased. From all indication, good bonding was formed between the deposit and the dilution 153 
zone. The microstructures of the deposit show the formation of α phase and β phase of titanium 154 
and were elongated towards the HAZ. These phases were terminated at the fusion zone and 155 
globular microstructures were found growing epitaxially just immediately after the fusion zone. 156 
The x-ray diffraction (XRD) for the laser deposited composites. Figures 7 (a) and (b) depict the 157 
XRD analyses for sample A5 and sample A6 deposited at laser powers of 2.2 kW and 2.4 kW.  158 
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 159 
(a) 160 
 161 
 162 
(b) 163 
Figure 7: XRD spectra, (a) Sample A5 deposited at a laser power of 2.2 kW and scanning speed 164 
of 1 m/min, (b) Sample A6 deposited at a laser power of 2.4 kW and scanning speed of 1 m/min. 165 
 166 
The visible peaks were observed in the spectra between 30o and 90o. The crystalline phases of the 167 
XRD patterns are marked as follow: titanium vanadium carbide, Ti0.33 V1.67 C ( ); titanium 168 
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boride, TiB ( ); titanium, Ti ( ) and titanium diboride, TiB2 ( ). Majorly titanium is mostly 169 
observed in the peaks which show an evidence of the main element. Titanium diboride is also 170 
present and observed at peak of 80o. From the observed spectra, there is no evidence of phase shift 171 
or new formation of element or compound as the laser power was increase. 172 
The results of the microhardness measurements on the laser deposited composites with the load of 173 
500 gf are presented in Figure 8. It is very obvious that the laser deposited Ti6Al4V-B4C 174 
composites have shown good considerable improvement in the hardness values compared to that 175 
of Ti6Al4V alloy substrate. 176 
 177 
 178 
Figure 8: Hardness profiling of the composites at varying laser powers against the indentation 179 
distance 180 
 181 
The microhardness was measured laterally along the deposited layer. It could be clearly deduced 182 
from the profiling that all the laser deposited composites were characterized by high values of 183 
microhardness. The reason is attributed to the formation of martensitic phases especially in sample 184 
A2 in deposited region. From the trend, the hardness values in the deposit zones are higher than 185 
the HAZ and the latter is likewise higher than that of the substrate. Samples A1, A2, A5 and A6 186 
show an appreciable average hardness values between 415 HV and 450 HV within the deposited 187 
zone. Samples A3 and A4 display hardness values below 400 HV in the composite’s region. 188 
However, as the laser power increases, the average hardness value decreases from sample A1 to 189 
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sample A4 and increase again at sample A5. This behaviour can be attributed to the fast cooling 190 
rate at low laser power and vice versa. The average hardness for each sample is sectioned two: (1) 191 
the average hardness of the deposited zone; and (2) the average hardness of the HAZ. The average 192 
hardness of six indentations was made on the deposit while the average hardness of seven 193 
indentations was made on the HAZ. The average hardness values and the standard deviation of the 194 
deposited zone for samples A1, A2, A3, A4, A5 and A6 are HV 432±27, HV 427±42, HV 362±12, 195 
HV 360±18, HV 428±28 and HV 415±27 respectively. The average hardness value of the substrate 196 
is HV 316±8 which is less than the entire deposited Ti6Al4V-B4C composites. Among the laser 197 
deposited composites, sample A1 deposited at a laser power of 0.8 kW and scanning speed of 1 198 
m/min exhibits the highest hardness of HV 432±27 while sample A4 deposited at a laser power of 199 
2.0 kW and scanning speed of 1 m/min displays the lowest hardness of HV 360±18. The sample 200 
A1 experiences a decrease in hardness values from HV 432±27 at laser power of 0.8 kW to 201 
hardness value of HV 427±42 in sample A2 at laser power of 1.6 kW. Between the laser powers 202 
of 1.8 kW and 2.0 kW, sample A3 and A4 experienced a drop in the hardness values as the laser 203 
power was increased. A further increase in the laser power to 2.2 kW causes an increase in the 204 
hardness values again. From all indication in the hardness profiling, there was a rise in the hardness 205 
value from the top of the deposit and after the third indentations, it experiences a fall in the 206 
hardness values. However, the thermal stress and the rate of cooling taking place at the top are 207 
attributed to such behaviour. The ceramic B4C has really improved the mechanical properties of 208 
the primary alloy. 209 
 210 
4.0 CONCLUSION 211 
The introduction of laser technology in the additive manufacturing industries has created 212 
opportunities in diverse field of studies. This has also increased the production efficiency with 213 
good surface finish and well design products. Today, tools can be produced with ease from a CAD 214 
drawing through additive manufacturing process. The micrograph is a combination of the 215 
Ti6Al4V-B4C composites, fusion zones and the HAZ(s). The width of the deposit through the 216 
overlap is increasing as the laser power was increased. From the overlaps, most of the multiple 217 
track depositions were in the form of a Bell's hinge-back tortoise. The areas covered by the HAZ 218 
were more than the deposited zone due to the heat input; and this however increase as a result of 219 
the beam’s intensity as the laser power was increased. Samples A1, A2, A5 and A6 showed a 220 
considerable average hardness values between 415 HV and 450 HV within the deposited zone. 221 
From the profiling, the average hardness value decreases from sample A1 to sample A4 and 222 
increase again at sample A5 as the laser power was increased. The improved composites can be 223 
applicable for aerospace and turbine blade. 224 
 225 
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